The electrical resistance of epitaxial Cu͑001͒ sequentially increases, decreases, and again increases when exposed to 10 −3 -10 5 Pa s of O 2 . This is attributed to partial specular surface scattering for smooth clean Cu͑001͒ and for the surface with a complete adsorbed monolayer, but diffuse scattering at partial coverage and after chemical oxidation. A model relates the surface coverage to the specularity parameter and finds adatom and advacancy scattering cross-sections of 0.8Ϯ 0.2 and 0.06Ϯ 0.03 nm 2 , which are qualitatively validated by nonequilibrium ab initio transport simulations. The rates for resistance change are proportional to the O 2 partial pressure. © 2010 American Institute of Physics. ͓doi:10.1063/1.3489357͔ Electron scattering at surfaces causes an increase in the electrical resistivity of metal layers which becomes prominent as their thickness d decreases to approach the mean free path for electron-phonon collisions. Surface scattering processes are affected by charge density variations associated with atomic level surface roughness 1-5 and adsorption of foreign atoms and molecules, [5] [6] [7] [8] [9] and have gained interest due to their importance in understanding the conductance of metallic thin films, 1, 3, 6 nanowires, 10 and carbon nanotubes, 11 as well as atomic level friction, 12,13 electromigration, 14 and surface sensing. 6, 7, 15, 16 O 2 adsorption and oxidation of Cu surfaces is particularly important to microelectronics and nanoelectronics, as the interconnect resistivity increases with decreasing wire width, 17 and has also implications in catalysis, 18 solar conversion, 19 and may become important for gas sensing applications. The increase in the resistivity of a metal film due to electron surface scattering is classically described within the framework by Fuchs 20 and Sondheimer 21 ͑FS͒, which describes electron scattering events as either specular or diffuse quantified by the phenomenological scattering parameter p. For specular scattering ͑p =1͒, the electron momentum perpendicular to the surface is reversed while the parallel component is conserved, causing no effect on the resistivity. In contrast, diffuse scattering ͑p =0͒ results in a complete randomization of the electron momentum and a corresponding increase in the resistivity. Within this framework, the resistance increase that is reported for the adsorption of gas species 6-9 or the vacuum deposition of foreign atoms 5 on sufficiently smooth thin metal films can be described by a decrease in p, that is, by increasingly diffuse surface scattering. Consistent with these results, we have recently shown that single crystal Cu͑001͒ surfaces exhibit partially specular scattering ͑p = 0.6͒ in vacuum but that the deposition of a 0.3 nm thick Ta overlayer results in a transition to completely diffuse ͑p =0͒ surface scattering, corresponding to a 15% resistivity increase for a 27 nm thick Cu layer. 3 We have also employed ab initio calculations to predict the effect of a partial monolayer of foreign metal adatoms that occupy Cu lattice sites on Cu͑001͒, and found that the resistivity associated with surface scattering initially increases with increasing coverage but then decreases back to zero as the coverage reaches a full monolayer, 22, 23 similar to what has been reported for In evaporation on textured In͑011͒ at 15 K. 24 These results indicate that a perfect monolayer of foreign adsorbed species may conserve the specular scattering of the clean surface. Therefore, we envision that an appropriate adsorbed species which forms a homogeneous coverage may promote specular scattering and may be useful to design low-resistivity nanowires.
Electron scattering at surfaces causes an increase in the electrical resistivity of metal layers which becomes prominent as their thickness d decreases to approach the mean free path for electron-phonon collisions. Surface scattering processes are affected by charge density variations associated with atomic level surface roughness [1] [2] [3] [4] [5] and adsorption of foreign atoms and molecules, [5] [6] [7] [8] [9] and have gained interest due to their importance in understanding the conductance of metallic thin films, 1, 3, 6 nanowires, 10 and carbon nanotubes, 11 as well as atomic level friction, 12, 13 electromigration, 14 and surface sensing. 6, 7, 15, 16 O 2 adsorption and oxidation of Cu surfaces is particularly important to microelectronics and nanoelectronics, as the interconnect resistivity increases with decreasing wire width, 17 and has also implications in catalysis, 18 solar conversion, 19 and may become important for gas sensing applications. The increase in the resistivity of a metal film due to electron surface scattering is classically described within the framework by Fuchs 20 and Sondheimer 21 ͑FS͒, which describes electron scattering events as either specular or diffuse quantified by the phenomenological scattering parameter p. For specular scattering ͑p =1͒, the electron momentum perpendicular to the surface is reversed while the parallel component is conserved, causing no effect on the resistivity. In contrast, diffuse scattering ͑p =0͒ results in a complete randomization of the electron momentum and a corresponding increase in the resistivity. Within this framework, the resistance increase that is reported for the adsorption of gas species [6] [7] [8] [9] or the vacuum deposition of foreign atoms 5 on sufficiently smooth thin metal films can be described by a decrease in p, that is, by increasingly diffuse surface scattering. Consistent with these results, we have recently shown that single crystal Cu͑001͒ surfaces exhibit partially specular scattering ͑p = 0.6͒ in vacuum but that the deposition of a 0.3 nm thick Ta overlayer results in a transition to completely diffuse ͑p =0͒ surface scattering, corresponding to a 15% resistivity increase for a 27 nm thick Cu layer. 3 We have also employed ab initio calculations to predict the effect of a partial monolayer of foreign metal adatoms that occupy Cu lattice sites on Cu͑001͒, and found that the resistivity associated with surface scattering initially increases with increasing coverage but then decreases back to zero as the coverage reaches a full monolayer, 22, 23 similar to what has been reported for In evaporation on textured In͑011͒ at 15 K. 24 These results indicate that a perfect monolayer of foreign adsorbed species may conserve the specular scattering of the clean surface. Therefore, we envision that an appropriate adsorbed species which forms a homogeneous coverage may promote specular scattering and may be useful to design low-resistivity nanowires.
In this paper, we demonstrate that a sufficiently homogeneous oxygen overlayer on smooth Cu͑001͒ yields, in fact, specular scattering, while a partial monolayer disturbs the surface potential and causes completely diffuse scattering. The Cu layers were deposited by magnetron sputtering onto MgO͑001͒ substrates following the procedure in Ref. 3 , yielding single crystals 3, 25 with a surface roughness Ͻ1.8 nm. 26 They were connected to a linear four point probe without breaking vacuum, and the resistance was measured during exposure to an Ar-O 2 mixture with 10 or 0.005 at. % O 2 at 0.067-1333 Pa, yielding an O 2 partial pressure P O 2 = 3.3ϫ 10 −6 -133 Pa. A similar 3% resistance increase has previously been reported for a 49 nm thick Cu layer exposed to 0.013 Pa s. 9 Increasing O 2 further causes R to drop back to 0.928 ⍀ / sq at O 2 = 18.4 Pa s, followed by another increase starting at approximately O 2 = 100 Pa s to ultimately reach R = 1.018 ⍀ / sq at the end of the experiment at O 2 = 8.2ϫ 10 4 Pa s. The changes in R with O 2 exposure are attributed to changes in the electron surface scattering at the exposed Cu͑001͒ surface, which is quantified by the specularity parameter p 1 for the top surface using the following expression:
which assumes completely diffuse scattering at the layersubstrate ͑Cu-MgO͒ interface, based on our earlier results. 3 Here, o = 1.71 ⍀ cm is the room temperature bulk resistivity of Cu and = d / . The p 1 values are directly calculated from R by numerically solving Eq. ͑1͒ and are indicated in the right y-axis of the plot in Fig. 1 . The initial p 1 = 0.50Ϯ 0.06, comparable to our previously reported p 1 = 0.6Ϯ 0.1 for a Cu͑001͒ surface in vacuum. 3 That means, the as deposited Cu surface causes on average 50% specular and 50% diffuse electron scattering, where the latter is attributed to residual surface imperfections, in particular atomicheight steps, Cu adatoms and surface vacancies. As the surface is exposed to O 2 , p 1 decreases to 0.07Ϯ 0.07 at the resistance maximum ͑ O 2 = 0.053 Pa s͒ but then increases back to 0.48Ϯ 0.06. That is, the electron surface scattering becomes nearly completely diffuse as oxygen adsorbs on Cu͑001͒ and perturbs the smooth potential drop of an atomically flat surface, but the partial specular scattering of the Cu surface is regained when the surface coverage increases such that the oxygen forms a homogeneous smooth overlayer of adsorbed atoms or molecules. At still higher oxygen exposure, the surface scattering becomes again diffuse, which we attribute to Cu oxide formation that causes atomic-level roughness of the conducting metal surface. In addition, Cu "consumption" during oxidation reduces the effective cross-section of the conducting layer, leading to an R = 1.018 ⍀ / sq at O 2 = 8.2ϫ 10 4 Pa s that is 0.5% higher than R = 1.013 ⍀ / sq for p 1 = 0.0, suggesting that 0.5% ͑ϭ0.7 monolayers͒ of the 26.3 nm thick Cu layer have been oxidized at the end of the experiment. The positive slope on the right end of the semilog plot in Fig. 1 suggests that R would continue to increase beyond the experiment, although very slowly, until the entire Cu layer is oxidized.
Experiments with different P O 2 were performed in order to confirm that the rate of the resistance change in the low exposure regime, that is for O 2 Ͻ 1 Pa s where oxide formation is negligible, is proportional to the oxygen flux impinging on the surface. Figure 2 is We attribute the resistance increase and subsequent decrease to a monotonically increasing oxygen surface coverage ͑t͒ which can be described for O 2 Ͻ 10 Pa s, consistent with data in Ref. 27 , with a first order rate expression
where f is a flux constant that relates the oxygen partial pressure to the net oxygen adsorption rate which includes the surface site density and the sticking coefficient. A perfectlysmooth clean Cu surface ͑ =0͒ yields specular scattering ͑p 1 =1͒. However, as increases, the individually adsorbing O 2 molecules disturb the flat potential step at the surface, causing increasingly diffuse scattering corresponding to a decreasing p 1 . This argument assumes, based on the reported limited migration distance ͑Ͻ0.5 nm͒ and a low-density c͑2 ϫ 2͒-O phase for Ͻ 0.3, 27 that a partial oxygen monolayer does not form dense surface islands on Cu͑001͒. Similarly, a complete adsorbed monolayer ͑ =1͒ results in specu- 
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lar scattering as the potential step that the conduction electrons experience is flat. However, vacancies in the adsorbed monolayer also cause a reduction in p 1 . Based on these arguments, p 1 can be expressed in terms of
where p 1 o is the specularity parameter of the Cu surface prior to oxygen exposure, = 15.3 nm −2 is the number of adsorption sites per unit surface area, and ⌺ O and ⌺ V are the diffuse scattering cross-sections for an adsorbed oxygen adatom on Cu͑001͒ in the limit of low coverage, and for a vacancy in an adsorbed monolayer in the limit of nearly complete coverage, respectively, consistent with the cross-section definition in Ref. 28 . Simultaneous curve fitting of the measured R͑t͒ data for all P O 2 using Eqs. ͑1͒-͑3͒, plotted as solid lines in That is, the scattering cross section of an adsorbed oxygen species is 12ϫ larger than the area ͑0.065 nm 2 ͒ of a surface adsorption site. Also, scattering at an oxygen adatom is an order of magnitude larger than at a vacancy defect in an otherwise perfect adsorbed monolayer, consistent with the data in Figs. 1 and 2 , showing a relatively quick rise in R upon O 2 exposure and a considerably slower subsequent drop in R as vacancies in the adsorbed layer are filled. This is also illustrated in Fig. 3͑a͒ , which is a plot of the room temperature resistivity versus oxygen surface coverage for a Cu layer with d = 27 nm, p 1 o = 0.50, and diffuse scattering at the layer-substrate interface, obtained using Eqs. ͑1͒ and ͑3͒ and the above values for ͚ O and ͚ V . The asymmetry in the plotted curve, with a maximum at = 0.17, is attributed to ͚ O Ͼ ͚ V , that is, the perturbation due to an oxygen adatom on Cu͑001͒ is larger than that due to a vacant site in an adsorbed monolayer. Here we note that the reported transition from a low-density c͑2 ϫ 2͒-O phase to a higher density ͑2 ͱ 2 ϫ ͱ 2͒R45°-O phase at Ͼ 0.3 ͑Ref. 27͒ may also contribute to the change from an increasingly diffuse to an increasingly specular surface scattering.
The effect of oxygen adsorption on the resistivity of a Cu͑001͒ layer is also investigated using nonequilibrium Green's function density functional calculations with a nonequilibrium vertex correction to achieve disorder averaging. This method is described in more detail in Refs. 23, 29, and 30. The calculations are done for a 19 monolayers ͑d = 3.43 nm͒ thick Cu͑001͒ layer which is doped with a 4% Pd impurity to simulate bulk scattering, yielding o = 3.61 ⍀ cm which corresponds to = 18.28 nm or phonon scattering at T = 583 K. The top and bottom Cu͑001͒ surfaces are unrelaxed and atomically smooth, with the top surface being coated with an additional atomic layer at the regular Cu lattice site positions. Each site of this coating has a probability to be occupied by an oxygen atom, with a probability ͑1-͒ to be occupied by vacuum, an arrangement similar to what was previously reported for metallic adlayers. 23 Figure 3͑b͒ is a plot of the calculated ͑͒ which is equal to o for both = 0 and = 1, indicating perfectly specular scattering for the clean Cu-surface as well as for the surface covered with a complete oxygen monolayer. However, ͑͒ is considerably higher for a partial coverage, which is attributed to variations in the Fermi surface density of states and the crystal potential at the Cu-adatom interface. The curve is in good agreement with the experimental results in Fig. 3͑a͒ , and exhibits an asymmetry with a maximum near = 0.3, indicating a much greater diffuse scattering cross-section for an oxygen adatom than a vacant site in an adsorbed monolayer, i.e., ͚ O ӷ ͚ V .
In conclusion, both experiment and simulation indicate specular surface scattering at a clean Cu͑001͒ surface as well as at a surface completely covered with a monolayer of oxygen. In contrast, partial coverage as well as Cu oxidation leads to diffuse scattering. The rates of resistance increase and decrease upon oxygen exposure is proportional to the oxygen pressure, indicating a gas sensing mechanism with an average sensitivity ⌬R / R o of 330% per Pa s. 
